We have found a negative correlation between evolutionary rate at the protein level (as measured by d N ) and intron size in Drosophila. Although such a relation is expected if introns reduce Hill-Robertson interference within genes, it seems more likely to be explained by the higher abundance of cis -regulatory elements in introns (especially first introns) in genes under strong selective constraints.
N ONCODING DNA is a major component of eukarat random in separate individuals. In the absence of recombination, one advantageous mutation will therefore yotic genomes but we know little about the forces that affect its evolution. In particular, intron size varies tend to displace all the others (Fisher 1930; Muller 1932) . In the presence of recombination, advantageous within the genome and among genomes, but the reasons for this are unclear. Intron size is influenced by alleles can be combined together to generate the optivarious factors (Comeron 2001; Duret 2001) : the insermal genotype. A similar argument can be made for the tion of transposable elements (Bartolomé et al. 2002;  effects of recurrent deleterious mutations on the spread G. Marais, unpublished data), the presence of regulaof advantageous alleles (Fisher 1930 ; Charlesworth tory elements controlling gene expression (Bergman 1994; Peck 1994; Orr 2000) . Selection is thus expected and Kreitman 2001), the presence of RNA genes (Maxto be more efficient in the presence of recombination well and Fournier 1995) or RNA involved in gene reguthan in its absence. Hence, selective events occurring in lation (e.g., miRNA) (Mattick 2001) , the frequency one region of the genome would be facilitated if there and size of deletion events (Petrov et al. 2000 ; Petrov were an enhancer of recombination nearby. Introns could 2002), selection for reducing the energetic cost of tranact as such enhancers, because they increase the chance scription (Carvalho and Clark 1999; Castillo-Davis that a crossover occurs between sites in two different exons et al. 2002) , selection for keeping active chromosomal by spacing them apart, thereby allowing more efficient domains relatively small (Prachumwat et al. 2004) , and selection on variants in different coding regions of the reduction in Hill-Robertson interference between exons same gene (Comeron and Kreitman 2000) . (Comeron and Kreitman 2000) .
If such interference is important, we would expect the Hill-Robertson interference occurs when several geefficacy of selection to be greater in genes with larger netically linked sites are undergoing selection at the introns, all else being equal. Comeron and Kreitman desame time (Hill and Robertson 1966 ; Gordo and signed a test based on the effect of intron size on selection Charlesworth 2001). When advantageous alleles inion codon usage in Drosophila melanogaster (Comeron and tially arise in the population, they will usually not be Kreitman 2002). This type of selection is believed to be associated with each other, because mutations appear very weak (N e s ‫ف‬ 1, where N e is the effective population size and s the selection coefficient against a mutation to a nonoptimal codon), and is thus particularly prone which are more subject to interference because they have more neighboring codons. Comeron and Kreitman (2002) found that the level of codon bias for these central codons was slightly but significantly increased in genes with central introns, compared with genes lacking such introns, in agreement with the interference hypothesis. Introns could also reduce interference between weakly selected mutations at amino acid sites within the same gene. This implies that the rate of nonsynonymous substitutions per site (d N ) would be influenced by intron size. However, the extent to which d N is influenced by purifying selection vs. positive selection is unclear (Akashi 1999; Hurst 2002) . If protein sequence evolution is caused mainly by the fixation of advantageous, weakly selected mutations (positive selection), the correlation between d N and intron size should be positive. In contrast, if it is driven by the fixation by drift of weakly selected, deleterious mutations (purifying selection), the correlation should be negative (Hurst 2002 (Goldman and Yang 1994) . Further details are given in Marais et al. (2004) (the data set can be downloaded at http:/ /biomserv.univlyon1.fr/‫ف‬marais/dataIntronSize/). We examined the correlation between d N values and intron size in D. melanogaster. We used only the 570 genes that are likely to be located in regions of high recombination in this species (Marais et al. 2004) , since genes in regions of low recombination (near the centromeres or telomeres and on chromosome 4) are known to accumulate transposable elements in their noncoding regions, and their intron sizes may have unusual evolutionary dynamics (Bartolomé et al. 2002; Rizzon et al. 2002) . The results did not differ significantly when gene pairs from regions of low recombination were included (data not shown).
We find that d N is (1) almost two times lower in genes see Figure 1A ) and (2) negatively correlated with total genes without introns (a nonparametric Kolmogorov, P ϭ intron size (Spearman nonparametric correlation coef-0.02). As in the rest of the article, we used nonparametric statistics because most of the variables with which we are dealficient R s ϭ Ϫ0.19, P Ͻ 10
Ϫ4
, see Figure 1B ). Figure 1C ing do not follow the normal distribution. Error bars are 95%
shows that there are clear-cut differences in the mean size (R s ϭ Ϫ0.10, P Ͻ 10
), where d S is the rate of synonymous substitution per site. This eliminates the possibility that a correlation between point mutation between codons within a gene. It is the sum of the rates (reflected in d S ) and deletion rates (potentially pairwise distances (in bases) for all codons within a affecting intron size) explains the results. Total intron gene, divided by the sum of pairwise distances for all size is influenced by both individual intron size and the codons within the coding sequence with the introns number of introns. We have also defined a new index spliced out. A gene without introns would have RDS ϭ (relative distance between sites, RDS), which gives a better measure of the effect of introns on the distance 1, and a gene with introns would have RDS Ͼ 1, with a value that depends on the number, position, and size of these introns. We find a slightly stronger correlation of d N with RDS than with intron size (R s ϭ Ϫ0.24, P Ͻ 10 Ϫ4 ). All the above results are consistent with the interference hypothesis. At first sight, they suggest that (1) purifying selection is the main determinant of d N and (2) purifying selection is stronger in the presence of introns. In other words, weakly deleterious mutations at amino acid sites in the same gene seem to be more effectively eliminated when the gene possesses introns. But we need to consider alternative hypotheses. The hypotheses of selection against the energetic cost of introns (Carvalho and Clark 1999; Castillo-Davis et al. 2002) and of selection against large introns in , we found that intron divergence is signifispecies as well, although this correlation is very weak (R s ϭ Ϫ0.01, P ϭ 0.01). On the other hand, it is well cantly negatively correlated with size for first introns (R s ϭ Ϫ0.29, P ϭ 0.03); although there is a negative known that protein evolution is related to gene expression: highly expressed genes tend to evolve more slowly correlation for the other introns, it is not significant (R s ϭ Ϫ0.14, NS). in mammals (Duret and Mouchiroud 2000) and Drosophila (Marais et al. 2004) . However, if the correlation To test this hypothesis further, we examined the relationship between protein evolution and intron size for between d N and intron size that we have detected is a by-product of gene expression, we should observe a first and other introns separately. For first introns, we observe a similar correlation to that for all introns (R s ϭ positive correlation between d N and intron size, given the correlations between these parameters and expres-Ϫ0.20, P Ͻ 10
, n ϭ 450), but there is no significant correlation for the other introns (R s ϭ Ϫ0.06, NS, n ϭ sion level. Selection for reduced intron size (because of energetic costs or chromosomal domain size) thus 302). Moreover, the trend is still visible when only genes with more than one intron are included (for first introns does not seem to explain our results.
An alternative explanation involves the presence in R s ϭ Ϫ0.15, P Ͻ 10
, n ϭ 302). This result is striking, because it suggests that the presence of regulatory eleintrons of regulatory elements controlling gene expression. In particular, if the most conserved genes have ments within introns is the most likely explanation for the association between protein evolution and intron more such elements (since the levels of expression of such genes may need to be more precisely controlled), size in Drosophila, since we do not expect such a result with the alternative hypotheses, including that of Hillwe would expect a negative relationship between d N and intron size. Regulatory elements are more frequent in Robertson interference. However, first introns may have the side effect of increasing recombination within a the first introns than in other introns in mammals (Majewski and Ott 2002; Keightley and Gaffney gene. Indeed, they contribute 54% of the variability in total intron length, so that most variation in intron size 2003; Chamary and Hurst 2004) and possibly also in Drosophila (Duret 2001) . In agreement with this, first is due to the first introns. To test this, we compared d N and intron size after removing the effects of gene introns are almost two times larger than other introns in vertebrates and Drosophila (Duret 2001) , which is expression, but did not find a significant correlation (R s ϭ Ϫ0.08, NS), suggesting that the presence of regualso true for our data set (first introns, mean of 518 bp; others, mean of 294 bp; P Ͻ 10 Ϫ4 on a Kolmogorov latory elements within introns may be sufficient to explain our results. test). Second, we found that their size is significantly positively correlated with expression level (R s ϭ 0.22, Our observations do not appear to support the interference hypothesis, but do not allow us to rule it out. P Ͻ 10 Ϫ4 ), whereas other introns do not show a significant correlation (R s ϭ 0.10, NS). This is confirmed by
The extent of Hill-Robertson interference between amino acid sites under selection is not very well underare possible (Akashi 2001 (Akashi , 2003 showed that (1) it correlates positively with expression differences between nematodes, (2) shared sequences sites within the same gene, introns would have an effect only on the efficacy of selection on synonymous sites correspond to experimentally known motives for gene expression, and (3) d SM is large in nonpromoter inwithin a gene. However, this effect is very weak. Previous work shows that introns are associated with a change in tergenic regions. They then observed that d SM and d N are positively correlated in nematodes, suggesting that mean frequency of optimal codons from 64 to 68% and only for a subset of codons (the central ones, see above).
selective pressures on gene expression and protein sequence evolution are coupled (Castillo-Davis et al. This is in agreement with the very weak correlation between intron size and recombination rates reported 2004). A similar conclusion has been reached on different grounds for Drosophila (Nuzhdin et al. 2004) . This previously (Carvalho and Clark 1999; Comeron and Kreitman 2000) and suggests that interference explains is entirely consistent with our observations and with the idea that selection for the presence of regulatory only a very small fraction of variability in intron size in eukaryotic genomes.
elements can affect the evolution of intron size. We have found that intron size is globally negatively ported for other eukaryotes (Castillo-Davis et al. 2002) . However, when we split introns into first introns vs. the others, we found that first intron size is significantly positively correlated with expression level. This ments, which appear to be more frequent in highly Duret and Mouchiroud (2000) showed that these Curr. Opin. Genet. Dev. 11: 652-659. genes are much more broadly expressed than others in much more constrained, although other explanations
